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the incidence of CLE in the general USA population was Two well-known antioxidative nutrients, vitamin E and estimated to be one in 80. Moreover, the risk of CLE patients selenium, were used in this study to investigate possible developing EAC is 30-125 times greater than in the general inhibitory action against the formation of esophageal population (8).
adenocarcinoma (EAC) in rats. In this model, carcinogen-
In order to better understand the pathogenic process and to esis is believed to be driven by oxidative stress. Male study possible chemopreventive strategies, we modified a Sprague-Dawley rats (8 weeks old) were divided into four surgical animal model, named esophagoduodenal anastomosis groups and received esophagoduodenal anastomosis (EDA) (EDA), by supplementing iron dextran after surgery (9). EDA, surgery plus iron supplementation (12 mg/kg/week). Vitalso known as duodenoesophagostomy, is aimed to induce a amin E and selenium were supplemented in the diet in the mixed reflux of gastric and duodenal contents into the esoforms of α-tocopheryl acetate (750 IU/kg) and sodium phagus via the anastomosis opening between the duodenum selenate (1.7 mg Se/kg), which were 10 times the regular and the esophagus. EDA produces EAC at a low incidence amounts in the basic AIN93M diet. At 40 weeks after (10-12). Supplementation with iron dextran i.p. prevented surgery, all the EDA groups had lower body weights than iron-deficiency anemia after surgery, but also produced a high the non-operated control group. Iron nutrition (hemorate of CLE and purely well-differentiated mucinous EAC in globin, total serum iron and transferrin saturation) was EDA rats (9). Since iron is known to catalyze the formation normal as a result of iron supplementation after EDA.
of reactive oxygen species (ROS) through the Fenton reaction Vitamin E supplementation maintained the normal plasma (13,14), we believe that iron may promote esophageal adenolevel of α-tocopherol in EDA rats, but not those of γ-carcinogenesis through ROS-mediated oxidative damage. Sevtocopherol and retinol. Selenium supplementation increased eral lines of evidence from studies on this model supported the serum and liver selenium contents of the EDA rats.
this hypothesis (15,16): (i) iron deposits were observed in Histopathological analysis showed that selenium areas of esophagitis, especially the squamocolumnar junction supplementation increased the incidence of EAC and the in which all EAC arise; (ii) overexpression of inducible nitric tumor volume. The selenium level in the tumor is higher oxide synthase (iNOS) and nitrotyrosine were observed in rat than that in the duodenum of the same animal.Vitamin E esophagi after surgery and iron supplementation; (iii) oxidative supplementation, however, inhibited carcinogenesis, especidamage to DNA, lipids and proteins was significantly higher ally in the selenium-supplemented group. We believe that in the esophagi of EDA rats than in those of the non-operated vitamin E exerts its effect through its antioxidative propercontrol rats; and (iv) columnar cells at the squamocolumnar ties, and a high dose of inorganic selenium may promote junction, i.e. the premalignant cells for EAC, are believed to carcinogenesis by enhancing oxidative stress.
be the targets of oxidative damage since they overexpressed heme oxygenase 1 and metallothionein, which are both known to be expressed in response to oxidative stress. Therefore, we Introduction proposed that oxidative damage played an important role in Esophageal adenocarcinoma (EAC) has received much attenthe formation of EAC in the EDA model, and a similar tion during the past 2 decades because of the rapid increase situation might occur in humans with gastroesophageal reflux in its incidence rate, at a yearly rate of 4-10% in the USA and iron over-nutrition. (1, 2) . The 5 year survival rate is poor, at~10%, and has not Vitamin E and selenium are two well-known antioxidative increased significantly during the past 20 years (3-5). Therenutrients. Vitamin E is the most effective chain-breaking lipidfore, it is important to understand the pathogenesis and soluble antioxidant in the biological membrane. Animal studies, prevention of this disease.
epidemiological studies and human clinical trials have shown Reflux of gastric and duodenal contents into the esophagus that vitamin E may reduce the risks of tumor development is known to be a risk factor for EAC. An average of~10% (17) (18) (19) . Selenium is the essential cofactor of glutathione of reflux esophagitis patients will develop columnar-lined peroxidase, which detoxifies H 2 O 2 and organic peroxides. esophagus (CLE, also known as Barrett's esophagus) (4,6), a Selenium supplementation has been found to inhibit cancers induced by chemical carcinogens or viruses in animals (20,21). In order to test our hypothesis that oxidative stress is involved in the formation of EAC, and to identify potential Nutritional analysis chemopreventive agents for human studies, we investigated
Fresh whole blood and serum were used for determination of hemoglobin, albumin, total serum iron and transferrin saturation with kits from Sigma herein the possible chemopreventive effects of vitamin E and Diagnostic (St Louis, MO). Instructions from the manufacturer were followed selenium on the formation of EAC in this EDA model using with slight modifications. Retinol, α-tocopherol and γ-tocopherol were measa 2ϫ2 factorial design. ured by HPLC. In brief, fat-soluble vitamins were extracted from 150 µl of plasma with ethanol and hexane, and then dissolved in a mixture of chloroform, ethanol and acetonitrile. The HPLC system was set up using Supelco LC18
Materials and methods
column (4.6ϫ15 mm, 100 A; Bellefonte, PA) and a 1:1 ethanol:acetonitrile Animals and treatment ratio as the mobile phase. A Waters 490 multiwavelength detector (WatersSix-week-old male Sprague-Dawley rats from Taconic Farms (Germantown, Millipore, Milford, MA) was used to detect signals at 300, 325 and 450 nm. NY) were housed two per cage, separated into five groups, given respective Selenium concentration in serum and tissue was measured with inductively diets and water ad libitum, and maintained on a 12 h light/dark cycle. They coupled plasma emission spectrometry/mass spectrometry (ICP ES/MS, VG were allowed to acclimate for 2 weeks on respective diets prior to surgery. Plasma Quad; Fisons Instruments, Danvers, MA). Serum (10 µl) or frozen Solid food was withdrawn from 1 day before to 1 day after surgery. EDA tissue was first digested with nitric acid, then properly diluted and loaded on was performed according to the procedure described previously (9), which the ICP ES/MS. was approved by the Animal Care and Facilities Committee at Rutgers Histopathology University (protocol no. 94-017). The EDA animals were given iron dextran Histopathological analysis was carried out on the first and twentieth H&E-i.p. at 12 mg Fe/kg/week, starting 4 weeks after surgery, and continuing for stained slides. EAC was diagnosed when dysplastic columnar epithelial cells the duration of the experiment (Table I ). The animals were weighed once invaded through the basement membrane. Dysplastic columnar cells were every week.
characterized by the partial loss of cell polarity and maturation, nuclear atypia All the diets were made by Research Diets, Inc. (New Brunswick, NJ).
and an increase in mitotic figures (28) . Liver sections from each group were AIN93M, which contains 75 IU/kg vitamin E acetate and 0.17 mg/kg selenium also examined for signs of toxicity, such as infiltration of inflammatory cells, in the form of sodium selenate, was used as the basic diet (27) . The levels of vacuole formation, amyloid degeneration and necrosis. selenium (in the form of sodium selenate) and vitamin E (in the form of α-tocopheryl acetate) were increased 10-fold to contain 750 IU/kg vitamin E Statistical analysis and 1.7 mg/kg Se in the supplemented diet. The diets were made once every
The results on tumor incidence were analyzed by the χ 2 test. The tumor month and kept at 4°C until use. Food intake was measured twice during the volume data were analyzed by the Mann-Whitney test, and other data were experiment (20 and 40 weeks after surgery).
analyzed by the Student's t-test using the computer software Statview 4.2.
Tissue preparation
Before termination, all the rats were anesthetized with CO 2 . A sample of 4 ml
Results
of blood was taken by cardiac puncture or the orbital venous sinus. The rats were then killed by CO 2 asphyxiation. The esophagus was removed, opened A total of 130 rats underwent EDA, nine (7%) died before the longitudinally and examined for gross abnormalities. If a visible tumor was completion of the experiment: five due to blockage of the observed, the length, width and height were measured and averaged for tumor esophagus (esophageal stricture) and four due to unknown diameter. Tumor volume was calculated as follows: volume ϭ 4/3ϫr 3 . Special care was taken to separate the esophagus from the duodenum based on the circumstances. The animals were killed at 40 weeks after suture line. The esophagus was cut longitudinally, with one-half quickly surgery. The food intake (g diet/kg body wt/day) at 20 and 40 weeks after surgery did not show any significant difference among the five groups. The body weights of all the EDA rats (groups I, II, III and IV) were significantly lower than the Table I . Effect of vitamin E and selenium on the formation of rat EAC at 40 weeks after EDA and iron supplementation a non-operated control rats (group V) throughout the experiment (Figure 1 shown) and plasma α-tocopherol, γ-tocopherol and retinol (P Ͻ 0.05). The combined incidence of EAC of groups III and IV (83.9%) levels (group I) than non-operated control (group V) ( Table   is significantly higher than that of groups I and II (66.1%) (P Ͻ 0.05).
I). Ten-fold supplementation of vitamin E in the form of α-However, combined incidence of EAC of groups II and IV (69.8%) is not significantly different from that of groups I and III (81.0%) (P Ͼ 0.05).
tocopheryl acetate (groups II and IV) significantly increased the plasma level of α-tocopherol to the level comparable with, dietary vitamin E and selenium supplementation did not induce significant toxicity in liver (data not shown). but not higher than, that of non-operated control (group V). Supplementation did not change the levels of γ-tocopherol Vitamin E supplementation slightly decreased the EAC incidence from 67.9 (group I) to 64.5% (group II), but the and retinol.
Absorption of selenium was not affected by EDA, and there results are not statistically significant. Tumor volume did not change after vitamin E supplementation. Selenium was no significant difference in selenium levels in serum and liver between groups I and V. Ten-fold selenium supplementation, however, significantly increased the EAC incidence from 67.9 (group I) to 90.3% (group III), and supplementation (groups III and IV) significantly increased the selenium levels in serum and in liver over the non-operated increased the tumor volume. Vitamin E supplementation significantly reduced the selenium-enhanced EAC incidence from control (group V) (Table II) . We also observed a significantly higher selenium level in the EDA tumors than in the duodenum 90.3 (group IV) to 75% (group III), although the tumor volumes of these two groups were not significantly different of the corresponding rat (Table II) .
Histopathological analysis was performed after H&E stain- (Figure 2 ). ing. The incidence of EAC in EDA animals with i.p. iron supplementation was 67.9%, which was comparable with our previous results. Under the microscope, dysplastic columnar epithelial cells invaded through the basement membrane to form a typical adenocarcinoma tumor. As expected, 10-fold Fig. 1 . Rat average body weight after EDA and supplementation with vitamin E and selenium. s, Group I: EDA with 12 mg Fe/kg/week i.p. and AIN93M; d, group II: EDA with 12 mg Fe/kg/week i.p., AIN93M and 10-fold vitamin E; u, group III: EDA with 12 mg Fe/kg/week i.p., AIN93M and 10-fold selenium; j, group IV: EDA with 12 mg Fe/kg/week i.p., Fig. 2 . Tumor volume of rat EAC after EDA and supplementation with vitamin E and selenium. Tumor volume of the visible EAC tumor was AIN93M and 10-fold vitamin E and selenium; ∆, group V: non-operated control and AIN93M.
plotted against the group. b Groups II, IV and V have significantly higher levels than groups I and III (P Ͻ 0.05). c Groups I, II, III and IV have significantly lower levels than group V (P Ͻ 0.05). d Groups III and IV have significantly higher levels than groups I and V (P Ͻ 0.05). e Groups I, III and IV had significantly lower selenium in duodenum than in EAC tumor. EAC tumors of groups III and IV had higher levels of selenium than those of group I (P Ͻ 0.05).
The combined EAC incidence of vitamin E-supplemented and prostate cancers (35). Several mechanisms have been proposed for the chemopreventive effect of selenium (36): (i) groups (groups II and IV, 69.8%) was also slightly lower, but not significantly different from that of non-supplemented selenium-containing compounds can increase the activity of glutathione peroxidase which catalyzes the reduction of H 2 O 2 groups (groups I and III, 81.0%) ( Table I ). In terms of tumor volume, vitamin E supplementation did not exert any significant and organic hydroperoxides (37); (ii) selenium induces apoptosis in cancer cell lines (38) ; (iii) selenium affects the effect on group II versus group I, group IV versus group III, and groups II plus IV versus groups I plus III. The combined metabolism of certain chemical carcinogens (39) ; (iv) selenium inhibits the formation of prostaglandin E 2 in colon and the EAC incidence of selenium-supplemented groups (groups III and IV, 83.9%) was also significantly higher than that of nonactivity of thymidine kinase in mammary tumor cell lines; (v) selenium regulates the immune functions (40); and (vi) selensupplemented groups (groups I and II, 66.1%). A significant difference was observed between groups IV plus III and groups ium may kill tumor cells through its pro-oxidant property (41, 42) . I plus II. No significant difference of tumor volume was observed, however, between groups III and I, and between However, it was out of our expectation that 10-fold selenium in the form of sodium selenate increased the EAC incidence groups IV and II (Figure 2) . from 67.9 (group I) to 90.3% (group III). When groups III and IV are combined, selenium supplementation increased not Discussion only the tumor incidence to 83.9 from 66.1% (groups I and II), but also the tumor volume. Although most previous studies EDA partially mimics the human situation by inducing mixed reflux of gastric and duodenal contents into the esophagus, showed some protective effect of selenium against various cancers, selenium in certain chemical forms has been found thus producing CLE, CLE with dysplasia and finally EAC. With iron supplementation (50 mg Fe/kg/week), 67.9% EAC to promote cancer formation in some studies. For example, sodium selenite supplementation (4 p.p.m. selenium in drinking was generated in rats, a percentage comparable with our previous results (9,16). All tumors were pure well-differentiated water) inhibited 1,2-dimethylhydrazine (DMH)-induced colon cancer in rats, but increased the incidence of DMH-induced mucinous EAC. Oxidative damage, as a result of chronic inflammation and local iron overload, is the major factor small bowel cancer, and adenovirus type 9-induced breast fibroadenoma (43). Long-term administration of sodium selenleading to EAC in this model.
EDA rats had compromised nutrition, which does not occur ate (2-3 p.p.m. in water) increased the incidences of spontaneous tumors and cancers from 30.8 and 16.9 to 62.5 and 41.7% in all the human EAC patients. However, there is a subgroup of EAC patients with a previous history of gastrectomy or in Evans rats (44) . In a recent epidemiological study, Garland et al. (45) reported a moderately increased risk of melanoma, other gastric surgery. These patients are highly susceptible to EAC as a result of reflux and direct juxtaposition of the as well as of lung, colorectal and other cancers among female nurses with average or high levels of selenium in toenail esophagus with intestinal or 'specialized' CLE, according to previous studies (29,30). These patients develop malnutrition samples, compared with nurses whose toenail selenium levels were low. In an epidemiological study involving an Italian after surgery as a result of compromised function of the stomach. Nutritional supplementation of some nutrients includpopulation exposed to high water selenium (7-9 p.p.m., selenate), the incidence of melanoma was increased by 3.9ϫ that ing iron is a routine practice for such patients (31) .
Vitamin E is the most effective chain-breaking lipid-soluble of the unexposed cohort (Ͻ1 p.p.m.) (46), and the mortality for malignancies of the lymphatic-hematopoietic tissue antioxidant in the biological membrane. It functions by stabilizing the biological membrane, protecting against oxidative increased in female subjects (47). We observed significantly higher levels of selenium in rat stress induced by iron overload, and stimulating immune response (32) . Vitamin E can also induce apoptosis in several serum and liver samples of selenium-supplemented rats (groups III and IV) than in non-supplemented rats (groups I and human and rodent tumor cell lines, including human B lymphoma, glioma, breast tumor and colon cancer cell lines V). Interestingly, the selenium content in EAC tumors was significantly higher than that in the duodenum, from which (33) . It has been shown in both laboratory and epidemiological studies that vitamin E may reduce the risk of cancer (17-19) .
the columnar cells of CLE may originate. Similarly, some human and animal cancers, such as gastric cancer (48), colon In a rat model of iron-induced oxidative nephrotoxicity and renal cancer, vitamin E supplementation inhibits apoptosis, cancer (49), breast cancer (50) and lung cancer (51), contained a higher selenium level than normal tissue. In a study of oxidative DNA adduct formation and cancer incidence (34) . In the present study, vitamin E supplementation slightly human gastric cancer, high selenium levels in cancer tissue were correlated with intestinal type adenocarcinoma, a tumor decreased the EAC incidence, but the result was only statistically significant in the selenium-supplemented group. Due quite similar to EAC (48). These results suggested that selenium might promote carcinogenesis by depositing in target tissues. to the partial loss of gastric function in the EDA rats, supplementation with 10-fold levels of α-tocopherol acetate Similar to our finding that vitamin E inhibits the cancerpromoting effect of selenium, dietary supplementation of in groups II and IV only increased the EDA rat plasma concentration of α-tocopherol to the normal level of the non-0.01-0.05% vitamin E, or other antioxidants potentiated the protective effect of 0.5% DL-methionine against 10 p.p.m. operated control (group V) (Table II) . Supplementation at even higher levels of vitamin E may be needed to demonstrate more selenium (sodium selenate) as indicated by growth and liver histology (52). significant chemopreventive effects.
Selenium has long been regarded as a cancer chemoprevenSelenium of different chemical forms may have different effects on carcinogenesis. Most selenium in natural foods is tive agent. In a recent large clinical trial, selenium supplementation (200 µg/day of yeast selenium, selenomein the form of organoselenium compounds, which seem to be safer and more potent than inorganic selenium for cancer thioneine, for an average of 4.5 years) reduced total cancer incidence by 59%, especially the incidences of lung, colorectal chemoprevention. Dietary supplementation of an organoselen- 
